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    I n o r g a n i c  p h o s p h a t e  ( P i )  p l a y s  a  c r i t i c a l  r o l e  i n  d i v e r s e  
cellular functions, and regulating the Pi balance is accomplished 
by sodium-dependent Pi co-transporter (NPT). Pulmonary 
NPT has recently been identified in mammalian lungs. However, 
to date, many of the studies that have involved Pi have mainly 
focused on its effect on bone and kidney. Therefore, current 
study was performed to discover the potential effects of low Pi 
on  the  lung  of  developing  transgenic  mice  expressing  the 
renilla/firefly luciferase dual reporter gene. Two-weeks old 
male mice divided into 2 groups and these groups were fed 
either a low PI diet or a normal control diet (normal: 0.5% Pi, 
low: 0.1% Pi) for 4 weeks. After 4 weeks of the diet, all the mice 
were sacrificed. Their lungs were harvested and analyzed by 
performing luciferase assay, Western blotting, kinase assay and 
immunohistochemistry.  Our  results  demonstrate  that  low  Pi 
affects the lungs of developing mice by disturbing protein 
translation, the cell cycle and the expression of fibroblast growth 
factor-2.  These results  suggest that  optimally regulating  Pi 
consumption may be important to maintain health.
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Introduction 
  Inorganic phosphate (Pi) is present in bacterial, fungal, 
plant and animal cells. Pi plays a critical role in diverse 
cellular functions that are involved in intermediary metabolism 
and energy-transfer mechanisms. It is a vital component of 
the phospholipids in membranes and of nucleotides, and 
both of which provide energy and serve as components of 
DNA, RNA and the phosphorylated intermediates of cellular 
signaling [28]. Regulation of the Pi balance is accomplished 
by the family members of sodium-dependent inorganic 
phosphate co-transporter (NPT), and these proteins regulate 
entrance into the cellular membrane [5].
  The existence of pulmonary NPT type II (NPT-2b) has 
recently been identified in the developmental stages of rat 
lungs, and it plays an important role in producing surfactant 
through regulating the phosphate uptake [15]. Moreover, a 
functional characterization study that was based on searching 
the expressed sequence tag data-base of NPT has revealed 
that the human lung also contains NPT, which is the ortholog 
of mouse NPT-2b [12,16]. Lungs are under stress due to 
countless burdens of external stimuli as well as internal 
stimuli. Therefore, understanding the cellular/molecular 
changes involved in how lungs deal with these stimuli may 
provide critical clues to treat diverse pulmonary diseases.
  Since phosphate cannot be synthesized by animal itself, 
the need for this nutrient should be met by ingesting 
phosphate in the diet [31]. As a signal molecule, Pi plays an 
important role in the developing organs [26,28] through 
regulating cellular differentiation and the expression of 
multiple genes [2]. Thus, dietary Pi restriction may affect 
the signal transduction important for normal growth. 
However, to date, many of the previous studies involving 
Pi have mainly focused on its effects on bones and kidneys. 
Our research group has recently reported that Pi controlled 
lung cell growth and cap-dependent protein translation 
through the Akt-mediated MEK pathway [6]. However, 
there has been no study of investigating the response of the 
lung to low dietary Pi in vivo. Therefore, this current study 106    Cheng-Xiong Xu et al.
Fig. 1. Western blot analysis of NPT2b protein in the lungs of 
mice that were fed a low inorganic phosphate (Pi) diet (0.1% Pi)
or a normal (0.5% Pi) diet for 4 weeks. (A) The expression of 
NPT2b protein. (B) The bands-of-interests were further analyzed
by using a densitometer. *p values ＜ 0.05 showed a significant 
difference (mean ± SE, n = 4).
was performed to discover the potential effects of low Pi on 
the lungs of young newly weaned transgenic mice that 
expressed the CMV-LucR-cMyc-IRES-LucF reporter 
gene. Transgenic mice expressing the CMV-LucR-cMyc- 
IRES-LucF reporter gene are convenient, powerful tools 
for confirming the cap-dependent and cap-independent protein 
translation since LucR (renilla luciferase) and LucF (firefly 
luciferase) provide a way to measure the level of cap- 
dependent and cap-independent (internal ribosome entry site- 
dependent; IRES-dependent) protein translation, respectively 
[9]. Moreover, an improved understanding of the responses 
of the developing lung of young animals to stimulation 
may provide critical functions for coping with diverse 
changes including alteration of pulmonary function. 
Materials and Methods
Animals and diet
  Eight 2-week-old transgenic male newly weaned mice 
that expressed the CMV-LucR-cMyc-IRES-LucF reporter 
gene were divided into two dietary groups based on their 
body weight. One group was put on a normal diet containing 
0.5% Pi (normal Pi) and the other group was put on a low 
phosphate diet containing 0.1% Pi (low Pi). All the diets 
were prepared according to the guideline of the American 
Institute of Nutrition [23]. The mice were put on the specified 
diet for 4 weeks until complete physical maturation (6 
weeks after birth). At the end of 4 weeks of the diet, all the 
mice were sacrificed and their lung tissues were harvested 
and then a lobe of the left lung was fixed in 10% neutral 
buffered formalin for immunohistochemistry. Remaining 
lobes of the lung were stored in liquid nitrogen for further 
use. All animal experiments were performed according to 
the guideline for the care and use of laboratory animals of 
Seoul National University.
Luciferase assay
  The luciferase activities in the tissue extracts were measured 
by using a luminometer (EG&G Berthold, Australia). 
Briefly, the lungs were homogenized in passive lysis buffer 
(Promega, USA). The homogenates were centrifuged for 20 
min at 4,500 rpm at 4
oC, and the supernatant was centrifuged 
for an additional 15 min at 13,000 rpm at 4
oC. The LucF and 
LucR activities were measured using a dual luciferase assay 
kit (Promega, USA). 
Western blot analysis
    After measuring the protein concentration of the 
homogenized lysates with using a Bradford kit (Bio-Rad, 
USA), equal amounts (50 μg) of protein were separated on 
sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) 
and the proteins were then transferred to nitrocellulose 
membranes. The membranes were blocked in TBST (Tris- 
buffered saline + Tween 20) containing 5% skim milk for 
1 h; immunoblotting was performed by incubating the 
membranes overnight with their corresponding primary 
antibodies at 4
oC in 5% skim milk. Anti-NPT2b was obtained 
from Alpha Diagnostic International (USA). Anti-Akt1 and 
anti-phospho-Akt (Ser473) monoclonal antibodies were created 
by the methods described elsewhere [13]. Anti-phospho-Akt 
(Thr308), anti-eukaryotic initiation factor 4E binding protein 
1 (4E-BP1), anti-phospho-4E-BP1, anti-cyclin D3, anti-cyclin- 
dependent kinase 4 (CDK4), anti-proliferating cell nuclear 
antigen (PCNA), anti-p53, anti-p27, anti-p21 and anti-FGF-2, 
anti-α-tubulin antibodies were purchased from Santa Cruz 
Biotechnology (USA). The antibody against mammalian target 
of rapamycin (mTOR) was obtained from Cell Signaling 
(USA). After washing in TBST, the membranes were incubated 
with a horseradish peroxidase (HRP)-labeled secondary 
antibody for 1 h at room temperature. The bands-of-interests 
were detected using a luminescent image analyzer LAS- 
3000 (Fujifilm, Japan). The results were quantified using 
the measurement program of the LAS-3000.
Immunoprecipitation and kinase assays
  Immunoprecipitation of mTOR and eukaryotic translation 
initiation factor (eIF4E) was carried out using a Seize 
primary mammalian immunoprecipitation kit (Pierce, USA) 
according to the manufacturer’s guide. The mTOR kinase 
assay was performed with 300 μmol/ATP and 1 μl PHAS I 
(Calbiochem, USA) for 30 min at 30
oC. The reactions were 
terminated by adding ×5 sample buffer and then boiling the Effects of low inorganic phosphate on lung of developing mice    107
Fig. 2. Western blot analysis of the Akt and phospho-Akt protein in the lungs of mice fed a low Pi diet (0.1% Pi) or a normal (0.5% Pi)
diet for 4 weeks. (A) The expressions of Akt and phospho-Akt protein in the lungs. (C) The bands-of-interests were further analyzed
by using a densitometer. (B) The Akt kinase activity was measured in the lung homogenates. *p values ＜ 0.05 showed a significant
difference compared with normal (mean ± SE, n = 4).
mixture. The samples were analyzed by performing 15% 
SDS-PAGE. The kinase activity of Akt was examined with 
using the Akt kinase assay kit (Cell Signaling Technology, 
USA) according to the manufacturer’s instructions.
Immunohistochemistry
  The formalin-fixed, paraffin-embedded tissue sections (4 
μm) were transferred to plus slides (Fisher Scientific, 
USA). The tissue sections were deparaffinized in xylene 
and rehydrated through a graded series of alcohol solutions 
and they were incubated in 200 μl of proteinase K, and then 
they were washed and incubated in 3% hydrogen peroxide 
(AppliChem, Germany) for 30 min to quench the endogenous 
peroxidase activity. After washing in 1 × PBS, the tissue 
sections were incubated with 5% BSA in 1 × PBS for 1 h at 
room temperature to block the non-specific binding sites. 
The primary antibodies were applied on the tissue sections 
overnight at 4
oC. The following day, the tissue sections 
were washed and incubated with the secondary HRP- 
conjugated antibodies (1：50) for 1 h at room temperature. 
After careful washing, the tissue sections were counterstained 
with Mayer’s Hematoxylin (Dako, USA) and then they 
were washed with xylene. Cover slips were mounted using 
Permount (Fisher, USA), and the slides were reviewed 
using a light microscope (Carl Zeiss, USA). The FGF-2 
and PCNA positive staining was determined by counting 5 
randomly chosen fields per section and determining the 
percentage of DAB-positive cells per 100 cells at ×400 by 
the method described by Zhang et al. [32].
Statistical analysis
  Quantification of the Western blot analysis was performed 
using the Multi Gauge version 2.02 program (Fujifilm, 
Japan). All the results are given as means ± SE. The results 
were analyzed by unpaired Student’s t-tests (GraphPad 
Software, USA). p values ＜ 0.05 were considered significant 
and p values ＜ 0.01 were considered highly significant as 
compared to the corresponding control.
Results
Low dietary Pi decreased the pulmonary NPT-2b
  Potential effects of low dietary Pi on the lung-specific 
NPT2b protein expression were evaluated by Western 
blotting. The animals fed the low dietary Pi expressed 
significantly less NPT-2b protein in their lungs than did the 108    Cheng-Xiong Xu et al.
Fig. 3. Western blot analysis of the mammalian target of rapamycin (mTOR), 4E-PB1 and p-4E-BP1 protein in the lungs of mice fed
a low Pi diet (0.1% Pi) or a normal (0.5% Pi) diet for 4 weeks. (A) The expressions of mTOR, 4E-PB1 and p-4E-BP1 protein in the lungs.
(B) The mTOR kinase activity and phosphorylation ratio for 4E-BP1 were measured in the lung homogenates. (C) The 
bands-of-interests were further analyzed by using a densitometer. (D) The luciferase activities were measured in the tissue homogenate
from lung, and the ratios of the cap-dependent (r-luc) to the IRES dependent (f-luc) protein translation are shown. p values (*p ＜ 0.05,
**p ＜ 0.01) indicate a significant difference compared with normal (mean ± SE, n = 4).
controls (Fig. 1A). Densitometric analysis clearly re- 
confirmed the reduction of the NPT-2b protein expression 
in the low Pi diet group (Fig. 1B).
Low dietary Pi increased the pulmonary Akt activity
  Low dietary Pi significantly increased the total protein 
expression of Akt1, and it increased Akt phosphorylation at 
Ser473. In contrast, the Akt phosphorylation at Thr308 
remained unchanged (Figs. 2A and C). For clearly detecting 
the effect of low dietary Pi on Akt activity, an Akt kinase 
assay was performed. Our results clearly demonstrated that 
Akt kinase activity was increased about 7 fold in low dietary 
Pi group than normal diet group (p ＜ 0.01) (Fig. 2B).
Low  dietary  Pi  facilitated  cap-dependent  protein 
translation
  Our results demonstrated that low dietary Pi increased the 
phosphorylation of 4E-BP1, while the protein expression of 
mTOR was slightly increased without statistical significance 
(Figs. 3A and C). However, the net results were an increase 
of mTOR kinase activity (Fig. 3B) and facilitated cap- 
dependent protein translation, as was shown on the dual 
luciferase assay (normal group: 0.38 ± 0.12; low dietary 
group: 0.87 ± 0.07) (Fig. 3D). 
Low dietary Pi affected the signals important for cell 
cycle control
  Low Pi decreased the protein expressions of p53, p21 and p27 
(Figs. 4A and C). In contrast, low Pi significantly increased 
the protein expressions of cyclin D3, CDK4 and PCNA 
(Figs. 4B and D). IHC analysis of PCNA clearly showed that 
low dietary Pi stimulated lung cell proliferation in the lungs 
of the dual luciferase reporter mice (Figs. 4E and F).
Low dietary Pi increased the FGF-2 protein expression
  Low dietary Pi significantly increased the FGF-2 protein 
expression as shown on Western blotting and densitometric 
analysis (Figs. 5A and B). Such an overexpression of FGF-2 
was clearly demonstrated by the IHC study. As shown Figs. 
5C and D, FGF-2 expression was increased about 7.5 fold Effects of low inorganic phosphate on lung of developing mice    109
Fig. 4. Western blot analysis of the cell cycle signaling proteins. The lungs of mice fed a low Pi diet (0.1% Pi) or a normal (0.5% Pi)
diet for 4 weeks. (A) The expressions of p53, p21 and p27 protein in lung. (B) The expressions of cyclin D3, cyclin-dependent kinase
4 (CDK4) and proliferating cell nuclear antigen (PCNA) protein in lung. (C, D) The bands-of-interests were further analyzed by using
a densitometer. (E) Immunohistochemical measurement of PCNA in the lung. The dark brown color indicates the PCNA expression 
(scale bar = 100 μm). (F) Comparison of the PCNA labeling index in the lungs. p values (*p＜ 0.05, **p ＜ 0.01) indicate a significant
difference compared with normal (mean ± SE, n = 4).
in the low Pi diet group than control group.
Discussion
  Non-oncogenic lung tissues as well as oncogenic lung 
tissues often display alterations of the gene expressions in 
the signal transduction pathways that are responsible for 
homeostasis, yet the exact mechanisms by which the genes 
modulate abnormal cell growth/differentiation have yet to 
be determined. Such alterations are likely associated with 
cellular changes that involve an imbalance between cell 
proliferation, DNA repair and cell death. Additionally, these 
alterations may result from cellular aging and/or insults 
from endogenous or exogenous chemical exposure [6]. 110    Cheng-Xiong Xu et al.
Fig. 4. Continued.
  Pi is normally taken from the diet, and the intestinal 
absorption of Pi is efficient and well regulated. The kidney 
is a major regulator of Pi homeostasis and it can increase or 
decrease its Pi reabsorptive capacity to accommodate the 
need for Pi. The bulk of filtered Pi is reabsorbed in the 
proximal tubule where the sodium-dependent Pi transport 
system in the brush-border membrane mediates the rate- 
limiting step in the overall Pi reabsorptive process [27]. As 
mentioned previously, Pi plays a key role in diverse 
physiological functions. Several lines of research have 
indicated that Pi works as a stimulus that is capable of 
increasing or decreasing the expression of several pivotal 
genes such as transcriptional regulators, signal transducers 
and cell cycle regulators through controlling the sodium/ 
phosphate co-transporter 2 (NPT-2) expression in the lung 
[6,17]. Together, the potential importance of Pi, as a novel 
signaling molecule, and the pulmonary expression of NPTs 
together with the poor prognosis of many diverse lung 
diseases have prompted us to begin defining the pathways 
by which low dietary Pi regulates lung cell growth.
  Among the 3 classes of NPTs (Types 1, 2 and 3), two types 
(Types 2 and 3) have been identified in mammalian lung 
and there has been considerable progress in understanding 
their function and regulation. Pi transport into the lung 
cells is mainly regulated by the dietary Pi value through 
controlling the NPT expression [28]. In our study, low 
dietary Pi suppressed the protein expression of NPT-2b in 
the lungs of developing mice, and this suggests that low 
dietary uptake of Pi for a critical period may disturb the 
function of lung. In fact, our finding is supported by the 
recent report that NPT-2b may function in alveolar type II 
cells as a surfactant producer because phosphate in the 
alveolar type II cells is an essential constituent of 
phospholipids, which are a major component of surfactant 
[15]. Moreover, another line of evidence has demonstrated 
that the availability of phosphate for surfactant synthesis 
might be accompanied by sodium-dependent phosphate 
uptake [7]. Together, pulmonary NPTs may play a critical 
role in collecting inorganic phosphate for important 
functions. Further studies that will focus on the effects of 
low Pi on the pulmonary function would clarify the 
eventual molecular/cellular events in lung development.
  Akt is a serine/threonine kinase that is a crucial mediator 
in signaling pathways [3], and Akt signaling plays an 
important role for mouse lung development through 
regulating cell survival and cell proliferation [30]. Low Pi 
induced Akt phosphorylation at Ser473 with an increase of 
the total Akt protein expression and increased Akt activity. 
Jin et al. [18] also showed that low dietary Pi significantly 
increased the Akt phosphorylation at Ser 473 in murine 
brain cells. Together, these data suggest that low Pi may 
play a key role in cell proliferation as well as cell 
differentiation through controlling the Akt activity. A 
recent report also indicated that activation of NPTs mediates 
the activation of multiple signaling pathways, including 
PI3/Akt signaling [22]. Moreover, our group reported that 
nano-aerosol delivery of the wild type Akt controls protein 
translation in a way to preferentially increase the cap- 
dependent protein translation through the increase of Akt 
phosphorylation at Ser473 and 4E-BP1 in the lungs of mice 
[29]. Our current results very well match with the previous 
findings such that low Pi caused the selective increase of 
cap-dependent protein translation. 
    As previously mentioned, Akt/mTOR is involved in 
complex regulation of the cell cycle [20]. As shown in Fig. 
4, many signals were up-regulated (cyclin D3, CDK4 and 
PCNA) or down-regulated (p53, p27 and p21) by low 
dietary Pi. The p53 protein is a major tumor suppressor, 
and it exerts its effects on the cell cycle and apoptosis 
primarily via its activity as a transcription factor that 
controls over a hundred genes [11,29]. Notably, one of the 
genes regulated by p53 is p21, which is a cell cycle 
inhibitor that acts by inhibiting cyclin-dependent kinases 
[1]. Remarkably, p21 controls PCNA through binding at 
the site of polδ [10]. Our results strongly demonstrated that 
low dietary Pi may disturb the control of the cell cycle by 
loss of the key function of cell cycle arrest. The p53 protein 
has been termed the ‘Guardian of the Genome’ [14], and so Effects of low inorganic phosphate on lung of developing mice    111
Fig. 5. Analysis of fibroblast growth factor 2 (FGF-2) protein in the lungs of mice fed a low Pi diet (0.1% Pi) or a normal (0.5% Pi) diet
for 4 weeks. (A) The expression of FGF-2 protein in the lung. (B) The bands-of-interests were further analyzed by using a densitometer.
(C) Immunohistochemical measurement of FGF-2 in the lung of transgenic mice. The dark brown color indicates the expression of 
FGF-2 (scale bar = 100 μm). (D) Comparison of the FGF-2 labeling index in the lungs. p values (*p＜ 0.05, **p ＜ 0.01) indicate a 
significant difference compared with normal (mean ± SE, n = 4).
its down-regulated role in the controlling the cell cycle due 
to low dietary Pi may be a molecular manifestation of this 
function.
  Members of the FGF family have functions for cell division 
and migration, thus, they affect the developmental process, 
angiogenesis, wound healing and tumorigenesis [21]. FGFs 
are also known to play a prominent role in lung development 
[8,19] as well as in alveolar type II cell- specific activities 
[4,24]. FGF-2 is also expressed by alveolar type II cells [25] 
and FGF-2 regulates cell proliferation and survival through 
the activation of multiple signaling pathways, including Akt 
[21]. Our results strongly suggest that low dietary Pi during 
physical maturation after weaning may affect the normal 
lung development by disturbing the Akt-FGF-2 signals. 
Our findings were supported by the recent report that FGF 
stimulated signal transduction via the Akt pathways in 
primary rat alveolar type II cells [21]. Further works to 
uncover the crosstalk between FGF-2 and Akt would provide 
detailed information on how such signals function in the 
development of lung. 
  In summary, our results suggest that low dietary Pi may 
affect the normal lung development of young newly weaned 
mice through altering the processes of protein translation 
and cell cycle regulation and the expression of FGF-2. The 
control of dietary Pi on such pivotal signaling pathways 
may be involved in numerous biological processes during 
development, and the deregulation of this control by low 
levels of Pi may cause various pulmonary diseases. Extensive 
studies to determine the precise effects and mechanisms, 
including the shift in cap-dependent versus cap-independent 
translation, of such activated signals on both the development 
of the lung and the pathogenesis of lung disease are currently 
underway. Our results suggest that the optimal regulation 
of Pi consumption may be one of the most cost-effective 
approaches to maintain health.
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